mensal microbes may possess previously unappreciated modes of antigen acquisition or communication with the host for maintenance of mucosal T cell homeostasis.
RESULTS:
We examined the interaction of segmented filamentous bacteria (SFB), wellcharacterized T helper 17 (T H 17) cell-inducing epithelium-associated commensal microbes, with intestinal epithelial cells (IECs) by means of electron tomography. SFB were not phagocytosed by IECs and did not penetrate the IEC cytosol. SFB and IEC communicated through the generation of endocytic vesicles at the tip of the SFB-IEC synapse. The vesicles were released into the host IEC and contained an SFB cell wall-associated protein, which is a known immunodominant T cell antigen for the generation of mucosal T H 17 cells. Endocytic vesicles were present in virtually every SFB-IEC synapse in healthy animals, suggesting a highly dynamic process that occurs at steady state. SFB antigenic proteins were transferred through this process inside IECs and shuttled throughout the IEC endosomal-lysosomal network. Mechanistically, the endocytic process was clathrin-independent but dependent on dynamin and the actin regulator cell division control protein 42 homolog (CDC42). Chemical inhibition of CDC42 activity in vivo led to disruption of the endocytosis. Genetic deletion of CDC42 in IECs resulted in disruption of endocytosis induced by SFB, loss of transfer of antigenic proteins inside IECs, and substantial decrease in the activation of SFBspecific CD4 T cells and SFB-induced T H 17 cell differentiation. An examination of a few other epithelium-associated or T H 17 cell-inducing intestinal microbes showed dissimilar interactions with IECs, and therefore, SFB currently are the first and only example of this process.
CONCLUSION:
Our results reveal a mechanism of interaction between a commensal microbe and the host that directs transfer of microbial proteins inside host cells. They also describe a previously unappreciated pathway for antigen acquisition from luminal commensal bacteria through IECs. Our results underscore that the study of the interactions of key individual commensal microbes with the host may uncover unappreciated biological pathways. Targeting such pathways may allow for ways to specifically regulate commensal versus pathogenic interactions, regulate the immunomodulatory effects of individual members of the gut microbiota, or design alternative strategies for mucosal vaccination. Commensal bacteria influence host physiology, without invading host tissues. We show that proteins from segmented filamentous bacteria (SFB) are transferred into intestinal epithelial cells (IECs) through adhesion-directed endocytosis that is distinct from the clathrin-dependent endocytosis of invasive pathogens. This process transfers microbial cell wall-associated proteins, including an antigen that stimulates mucosal T helper 17 (T H 17) cell differentiation, into the cytosol of IECs in a cell division control protein 42 homolog (CDC42)-dependent manner. Removal of CDC42 activity in vivo led to disruption of endocytosis induced by SFB and decreased epithelial antigen acquisition, with consequent loss of mucosal T H 17 cells. Our findings demonstrate direct communication between a resident gut microbe and the host and show that under physiological conditions, IECs acquire antigens from commensal bacteria for generation of T cell responses to the resident microbiota.
C ommensal microbes are important modulators of host physiology, metabolism, and immunity. However, how they communicate with the host to achieve these effects is not well understood. Communication mechanisms between commensal and host cells may contain previously unappreciated modes of host-microbe interaction. In contrast to pathogens, commensals do not normally invade host cells. Moreover, in the intestine, several host mechanisms-including secretion of mucus, immunoglobulin A (IgA), and antimicrobial peptides-prevent direct interaction with the host (1) . Therefore, at steady state, most commensal microbes use indirect modes of communication with the host. These include, among others, release of immunostimulatory microbial products (such as lipopolysaccharide), secretion of microbial metabolites (such as short-chain fatty acids) or modification of host metabolites, and release of outer-membrane vesicles (2-6). Whether commensal bacteria have mechanisms to actively introduce microbial molecules into host cells to modify host physiology, and whether these mechanisms resemble known pathogen-host interaction pathways, is unknown. To identify communication pathways between commensal microbes and host cells, we performed structural and functional characterization of the interaction between segmented filamentous bacteria (SFB) and intestinal epithelial cells (IECs).
SFB are members of the resident gut microbiota in several animal species (7, 8) . They are Gram-positive spore-forming bacteria of the class Clostridia (9, 10) . SFB are immunomodulatory commensals and induce antigen-specific T helper 17 (T H 17) cells in a major histocompatibility complex class II (MHCII)-dependent manner (11) (12) (13) (14) . Despite this immune activation, SFB do not induce overt intestinal inflammation, even in monocolonized mice, and are members of the commensal microbiota in most animal facilities (8, 15) . In contrast to most commensal bacteria in laboratory mice (16) , SFB associate with IECs (17, 18) , and this association is crucial for the induction of SFBspecific T H 17 cells (19) . The SFB genome lacks genes that encode any of the known bacterial injection-type secretion systems (9) . Therefore, how the bacteria transport T cell antigens across the epithelial barrier or modulate IEC function is not known.
SFB and IECs communicate through endocytosis localized in the host-microbial synapse
We used electron tomography (ET) to reconstruct the SFB-IEC synapse in three dimensions. We first examined whether SFB is phagocytosed by IECs as previously suggested (20, 21) . In agreement with earlier reports (20, 21) , individual EM sections often showed presence of double-membrane phagosome-like vesicles containing microbial cytoplasm inside IECs (Fig. 1A , left). However, three-dimensional (3D) reconstruction by means of ET revealed that in all cases, these structures represent microbial cells located in deep invaginations of the IEC plasma membrane and that the bacteria remain entirely outside host cells (Fig. 1, A and B) . In total, we examined more than 200 SFB-IEC synapses, and invasion of IEC cytosol or internalization of the bacterium was not present in any of them. We therefore conclude that SFB do not normally invade IECs. Instead, SFB form a hook-like holdfast (Fig. 1B) that we further characterized Movie 1. Structure of the SFB-IEC synapse. Electron tomogram and 3D reconstruction of an SFB-IEC synapse. Transverse serial planes of an SFB holdfast. The tomogram starts at the base of the holdfast and moves deeper into the IEC toward the tip of the holdfast, followed by 3D reconstruction of the whole volume. The bacterial and host membranes are uninterrupted throughout the length of the holdfast. 3D reconstruction colors are gray, SFB plasma membrane; magenta, SFB cytosol; and green, IEC plasma membrane. Scale bar, 100 nm.
by means of ET. 3D reconstruction of the synapse revealed existence of membrane vesicles at the distal end of the holdfast (Fig. 1C, Movie 1,  fig. S1 , and movie S1). The vesicles extended into the host cell cytoplasm and were present in almost all examined holdfasts, suggesting a dynamic process. The vesicles appeared to originate as uncoated blebs or pits mostly at the tips of holdfast segments (Fig. 1, C and D, and movie S1). In individual holdfasts, blebs formed vesicles with different levels of restriction of their membrane, including formation of necks (Fig. 1D) , suggesting an active budding process. Indeed, free vesicles with similar density and morphology were detected inside the host IEC cytoplasm, close to holdfasts with actively budding blebs and near the vesicular network of the host cell ( Fig. 1D and fig. S2 ). The vesicles originated exclusively from the host IEC plasma membrane and did not appear to include bacterial plasma membrane or cytoplasm (Fig. 1, E to H; Movie 1; fig. S3 ; and movie S2). Individual bacteria-host synapses displayed an average of four vesicles that were mostly spherical, or slightly elongated, in shape and~100 nm in diameter (Fig. 2, A to C) . The origin, size, and morphology of the vesicles are consistent with the classical definition of endocytosis. Because the endocytic vesicles were exclusively present at the microbial-host synapse, we termed the process microbial adhesion-triggered endocytosis (MATE) and further examined its role in immune modulation by the bacteria.
MATE is a specific communication between SFB and the host that transports SFB-derived T cell antigens inside IECs MATE vesicles were present with normal morphology in SFB-colonized NOD-Scid.Il2rg null (NSG) mice, which are immunodeficient and lack B cells, T cells, natural killer cells, and innate lymphoid cells (Fig. 2, A to C) , demonstrating that MATE is not dependent on the immunomodulatory functions of SFB.
We next examined whether MATE may represent a previously unappreciated mode of communication between the microbe and host cells. Tomographic reconstruction of MATE vesicles showed that they often contained electron-dense cargo (Figs. 1, C and F, and 2, D and E, and movies S1 and S2). We asked whether this cargo was of bacterial origin. SFB induce an antigenspecific CD4 T H 17 cell response (13, 14) , and a substantial component of this response is directed against the SFB protein P3340 (14) . P3340 lacks a transmembrane domain and is predicted to be extracellular (14) . We found that P3340 localizes exclusively to the SFB cell wall on the surface of the microbe (Fig. 2F) . In SFB-IEC holdfasts, P3340 was also present in MATE vesicles (Fig. 2, G These data show that P3340 is shuttled throughout the endosome/lysosome vesicular pathway of IECs. Therefore, MATE represents a pathway that transports an immunodominant commensal protein inside IECs at steady state. To investigate whether MATE mediates communication of other intestinal bacteria with the host, we examined microbiota-host interactions in specific-pathogen-free (SPF) mice from the Jackson laboratory that lack SFB (11) . Despite the presence of a large and diverse microbial community, none of the commensal microbes in Jackson mice interacted directly with IECs (Fig. 4A) . We next used ET to examine the interactions of several defined microbes with the intestinal epithelium. Citrobacter rodentium and adherent-invasive Escherichia coli (AIEC) are intestinal pathogens that interact directly with the gut epithelium. For C. rodentium, intimate contact with IECs is mediated by a type III secretion system (T3SS). Indeed, needlelike structures linking bacterial and host cells were apparent by ET in tissues infected with C. rodentium (Fig. 4 , D to F). AIEC were found in the gut lumen contacting IEC microvilli or internalized inside IECs (Fig. 4 , B and C). However, neither C. rodentium nor AIEC used MATE to interact with IECs (Fig. 4 , B to F). We also examined human T H 17 cell-inducing microbes that are known to reside close to IECs. Neither Bifidobacterium adolescentis (22) nor a mixture of 20 human T H 17-inducing bacteria (19) used MATE for communication with the host (Fig. 4 , G and H). Although some of these organisms contacted IEC microvilli, most did not directly engage IECs. Therefore, MATE appears to be a specific mode of communication between SFB and the host and is not a general property of the commensal, epithelium-adherent, or T H 17-inducing bacteria we examined.
MATE is clathrin-independent and CDC42-dependent
We next investigated the molecular mechanism of MATE. Clathrin coating was not present on MATE vesicles ( (Fig. 6 , C to F). Dynamin is a large guanosine triphosphatase (GTPase) that forms helices around the necks of nascent endocytic vesicles and participates in vesicle scission. High-resolution ET revealed presence of helical protein rings around nascent necks of MATE vesicles, strongly resembling dynamin rings (Fig. 5 , E to G). On the basis of these data, we conclude that MATE is clathrin-independent and dynamin-dependent. We next searched for specific molecular mediators of MATE. Actin polymerization has been reported around the SFB-IEC synapse (23) . We found an obvious actin cytoskeleton reorganization of the IEC Ladinsky et al., Science 363, eaat4042 (2019) 8 March 2019
3 of 10 Inhibition of CDC42 activation in intestinal loops interfered with MATE; hence, we examined whether epithelial CDC42 is required for the immunomodulatory effects of SFB and, particularly, activation of SFB-specific CD4 T cells. We generated mice with an IEC-specific deletion of CDC42 by crossing CDC42-flox mice with VillinCre animals (IEC DCDC42 mice). IEC DCDC42 mice show defects in epithelial cell morphogenesis and remain smaller than their littermates (25) . However, the mice are viable, survive into adulthood, and do not develop intestinal inflammation (25) . SFB successfully colonized IEC DCDC42 mice, and SFB attachment to IECs and holdfast formation in the absence of epithelial CDC42 was similar to those in littermate controls (Fig. 7A) . However, there was a significant expansion of SFB in the intestinal lumen of IEC DCDC42 mice (Fig. 7B) , suggesting disrupted host immune response. MATE vesicle formation was impaired in the absence of CDC42, and MATE vesicles were much smaller in IEC DCDC42 mice (Fig. 7C  and fig. S7 ). Transfer of the MATE-derived SFB antigen P3340 into IECs was greatly reduced in the absence of epithelial CDC42 (Fig. 7D) . Moreover, despite an increase in luminal SFB levels, IEC DCDC42 mice had decreased levels of interleukin-17 (IL-17) mRNA in terminal ileum (Fig. 7E) and a substantial decrease in T H 17 cells in the small intestinal lamina propria (Fig. 7 , F and G). At the same time, induction of IgA production by SFB was not significantly affected ( fig. S8 ), which argues that CDC42 deficiency did not affect all aspects of SFB immune modulation. Transcriptional profiling of IECs from control and IEC DCDC42 mice revealed that many SFB-induced epithelial genes were not significantly, or only slightly, affected by the absence of CDC42, demonstrating that epithelial cell function was not universally perturbed ( Fig. 7H and figs. S9 and S10). Moreover, many epithelial genes associated with T H 17 cell induction by SFB-such as Reg3g, Saa1, Saa2, Saa3, Nos2-were not significantly affected in IEC DCDC42 mice (Fig. 7 , H to K, and figs. S9 and S10). We therefore hypothesized that the loss of T H 17 cells in the absence of epithelial CDC42 and MATE is due mainly to a decrease in SFB antigen acquisition through IECs.
To test whether MATE transports SFB antigens through IECs for T cell activation in a CDC42-dependent fashion, we examined the effects of epithelial CDC42 deletion on the activation of SFB-specific CD4 T cells. To address developmental defects in IEC DCDC42 mice, we crossed CDC42-flox animals to Villin-Cre-ER mice to allow for conditional deletion of CDC42 in adulthood. The resulting IEC DCDC42-CKO mice develop normally in the absence of tamoxifen treatment. We deleted epithelial CDC42 in adult IEC DCDC42-CKO mice before colonization with SFB and transfer of 7B8 Tg CD4 T cells, specific for the SFB antigen P3340 (14) . Tamoxifen treatment led to interference with the generation of MATE vesicles in IEC DCDC42-CKO mice, similarly to IEC DCDC42 mice (Fig. 8A and fig. S7 ). IEC DCDC42-CKO mice showed significant decrease in the induction of endogenous intestinal T H 17 cells (Fig. 8, B to F) , especially the induction of Vb14 + T H 17 cells (Fig. 8, B and D) , which are enriched in SFB specificities and P3340-specific TCRs (13, 14, 26) . In addition, expansion and proliferation of adoptively transferred P3340-specific 7B8 Tg T cells was significantly reduced in IEC DCDC42-CKO mice compared with control tamoxifen-treated recipients (Fig. 8, G to I) , demonstrating decreased availability of SFB antigens, and particularly P3340, in the absence of MATE. Induction of SFB-specific T H 17 cell responses occurs normally in Peyer's Patchdeficient mice (13, 27) . Accordingly, proliferation of 7B8 Tg T cells was unaffected, and even slightly increased, in Peyer's Patch-deficient mice in which RORg (RAR-related orphan receptor-g) was knocked out ( fig. S11) , which argues that CDC42 activity is not crucial for SFB antigen sampling by M cells. Combined, these data demonstrate that MATE delivers commensal-derived antigens via IECs in a CDC42-dependent manner for the optimal induction of antigen-specific CD4 T cell responses.
Conclusion
We have identified MATE as a distinct mode of microbe-host interaction that involves transfer of cell wall-associated bacterial proteins into host cells by using clathrin-independent, dynamindependent, CDC42-dependent endocytosis after establishment of a cell-cell contact. MATE vesicles likely correspond to the "rounded protrusions" reported by Chase and Erlandsen more than 40 years ago (28) . In contrast to internalization of microbial pathogens, bacterial plasma membranes appeared uninterrupted in all of the SFB-IEC holdfasts that we examined, and we did not detect any evidence for direct transfer of bacterial cytosol into the host cell. How bacterial proteins enter MATE vesicles remains unclear. This could be an active process, involving secretory machinery or a passive acquisition of microbial cell wall proteins. In agreement with the latter, we observed direct contact between nascent MATE vesicles and the SFB cell wall ( fig. S12) 4 of 10 inflammation or dysbiosis (29) Together with previous studies, our results show that host-microbe interactions in the gut occur on a spectrum. This spectrum ranges from "immunological ignorance" of luminal commensals (1, 31) to inflammation and tissue damage caused by invasive pathogens. It also includes immunomodulatory resident microbes, such as regulatory T cell-inducing mucus-associated bacteria (32, 33) and epithelium-associated T H 17-inducing microbes (11, 19) . The specific mechanisms that control interactions with microbes at different levels of this spectrum are crucial for maintenance of mucosal homeostasis. MATE represents a previously unidentified communication pathway that contributes to the sampling of commensal antigens. This sampling occurs at steady state, in the absence of an inflammatory response, and is mechanistically distinct from the internalization of conventional pathogens. Although we were unable to identify additional examples of MATE, other epithelium-associated members of the normal microbiota are currently not known. We therefore predict that discovery of additional epithelium-associated microbiota species will bring further examples of MATE or similar processes. Our results underscore the importance of studying individual commensal microbes for identification of alternative modes of host-microbe communication. Moreover, targeting such pathways, including MATE, may allow for ways to specifically regulate commensal versus pathogenic interactions or regulate the immunomodulatory effects of individual members of the gut microbiota. It may also represent an alternative strategy for antigen delivery for mucosal vaccination or modulation of IEC function. re-derived SPF at the Jackson Laboratory. All mouse strains were bred and housed under SPF conditions at Columbia University Medical Center under IACUC approved guidelines. To control for microbiota and cage effects, experiments were performed with gender matched littermate control animals that were housed in the same cage whenever possible. Littermate controls of IEC DCDC42 mice included a mixture of (F/+, VilCre), (F/F, Non), and (F/+, Non) genotypes.
Materials and methods Animals

SFB colonization and fecal SFB quantification
SFB colonization was performed by oral gavage with SFB-containing fecal pellets. The source of SFB was from Taconic C57BL/6 mice from location IBU17. SFB colonization levels were confirmed by quantitative polymerase chain reaction (PCR) of fecal bacterial DNA and normalized to levels of total bacteria (UNI) as previously described (16).
Gnotobiotic mice with T H 17 cell inducing microbiota
A consortium of 20 human T H 17-inducing bacteria was originally isolated from a stool sample of a Japanese ulcerative colitis patient as described previously (19) . Bacterial strains were individually grown in either PYG broth or reinforced Clostridial broth (Oxoid, CM0149) under strictly anaerobic conditions (80% N 2 , 10% H 2 , 10% CO 2 ) at 37°C in an anaerobic chamber (Coy Laboratory Products) overnight, adjusted to the same OD values, mixed, and the cocktail inoculated into four germ-free (GF) mice by oral gavage. B. adolescentis was isolated from ileal mucosal biopsy specimens collected by double-balloon enteroscopy from a patient with Crohn's disease. The study was approved by the Ethics Committee of Jichi Medical University Hospital (#A14-196), and a written informed consent was obtained from the patients. Biopsy specimens were disrupted by pipetting and plated onto several media (EG, LBS, RCM, BL, GAM, MRS) under strictly anaerobic conditions at 37°C in an anaerobic chamber. Three out of seven colonies grown on LBS agar were identified as B. adolescentis based on the 16S rRNA gene sequences. For generating B. adolescentismonocolonized mice, B. adolescentis was cultured overnight in CM0149 medium and administered into GF mice by oral gavage. Colonization of the bacteria was confirmed by Gram staining of fecal smear. Three to four weeks after the inoculation, terminal ileum segments (0.5 to 1.0 cm) were extracted from gnotobiotic mice, immediately placed into 2-ml tubes filled with ice-cold ET fixation solution (see below), and shipped refrigerated to Caltech for processing and imaging.
C. rodentium and AIEC colonization
For Citrobacter infection, 1 × 10 9 CFU of Citrobacter rodentium were introduced into C57BL/6J mice by oral gavage. Colon samples were collected on Day 7 post infection. For AIEC infections, C57BL/6J mice were pre-treated with streptomycin 24 hours prior to infection with 1 × 10 9 CFU of AIEC strain LF82 or AIEC strain NRG857c. For LF82 infection, mice were also treated with ampicillin in drinking water for the duration of the experiment. Terminal ileum samples were collected on Day 2 post infection, fixed in ice-cold ET fixation solution, and shipped to Caltech for processing and imaging.
Electron tomography and quantification of MATE vesicles
Terminal ileum segments (0.5 to 1 cm) were extracted from SFB-containing mice and immediately prefixed with ice-cold ET fixation solution 3% glutaraldehyde, 1% paraformaldehyde, 5% sucrose in 0.1 M sodium cacodylate trihydrate.
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6 of 10 Within 24 hours the tissue samples were rinsed with fresh 0.1 M cacodylate buffer and placed in brass planchettes (Type A; Ted Pella, Redding, CA) prefilled with 10% Ficoll in cacodylate buffer. The samples were covered with the flat side of a Type-B brass planchette and cryoimobilized with a HPM-010 high-pressure freezing machine (ABRA Fluid AG, Windau, Switzerland). The vitrified samples were transferred immediately under liquid nitrogen to cryotubes (Nunc) containing a frozen solution of 2.5% osmium tetroxide, 0.05% uranyl acetate in acetone. Tubes were loaded into an AFS-2 freeze-substitution machine (Leica Microsystems) and processed at -90°C for 72 hours, warmed over 12 hours to -20°C, held at that temperature for 8 hours, then warmed to 4°C for 1 hour. The fixative was removed and the samples rinsed 4× with cold acetone, following which they were infiltrated with Epon-Araldite resin (Electron Microscopy Sciences, Port Washington PA) over 48 hours, flat-embedded between two Teflon-coated glass microscope slides and polymerized at 60°C for 24 to 48 hours. Flat-embedded tissues were observed with a stereo dissecting microscope. Suitable regions were extracted with a scalpel, oriented to optimize access to villus tips, and glued onto plastic sectioning stubs. Semi-thick (400 nm) serial sections were cut with a UC6 ultramicrotome (Leica Microsystems) using a diamond knife (Diatome, Switzerland). Sections were placed on Formvar-coated copper-rhodium slot grids (Electron Microscopy Sciences) and stained with 3% uranyl acetate and lead citrate. Gold beads (10 nm) were placed on both surfaces of the grid to serve as fiducial markers for subsequent image alignment. Grids were placed in a dualaxis tomography holder (Model 2040, E.A. Fischione Instruments, Export PA) and imaged with a Tecnai TF30ST-FEG transmission electron microscope (300 KeV) equipped with a 2k × 2k CCD camera (XP1000; Gatan, Pleasanton, CA). Tomographic tilt-series and large-area montaged overviews were acquired automatically using the SerialEM software package (36) . For tomography, samples were tilted ±64°and images collected at 1°intervals. The grid was then rotated 90°and a similar series taken about the orthogonal axis. Tomographic data was calculated, analyzed and modeled using the IMOD software package (37, 38) on MacPro computers (Apple, Cupertino, CA). Quantification of MATE vesicles was performed by measuring individual vesicles' length and width. Length (L) was defined as the longest distance from the connection of the vesicle with the IEC plasma membrane to the tip of the vesicle. Width (W) was measured in the same tomographic slice and defined as the largest distance between vesicle membranes perpendicular to L.
Immuno-electron microscopy
Terminal ileum segments (0.5 to 1 cm) were extracted from SFB-containing mice and immediately prefixed with ice-cold 4% paraformaldehyde, 5% sucrose in 0.1 M sodium cacodylate trihydrate. Within 24 hours, the tissues were rinsed with cacodylate buffer, cut into~0.5 mm 3 blocks and infiltrated with 2.1 M sucrose in cacodylate buffer over 24 hours. Individual blocks were affixed to aluminum cryo-sectioning stubs and rapidly frozen in liquid nitrogen. Thin (100 nm) cryo-sections were cut with an UC6/ FC6 cryo-ultramicrotome (Leica Microsystems) using a cryo-diamond knife (Diatome) with a 35°included angle. Cryo-sections were transferred with a wire loop to Formvar-coated, carbon-coated, glow-discharged copper/rhodium 100-mesh EM grids and placed in PBS. Sections were incubated for 30 min in 10% calf serum in PBS to block nonspecific antibody binding, then incubated with primary antibodies diluted in PBS with 5% calf serum for 2 hours. After 4 rinses with PBS, the sections were incubated for 2 hours with colloidal gold conjugated secondary antibodies specific to the host animal of the primary, also diluted in PBS + 5% calf serum. Sections were then rinsed 4× with PBS, 4× with dH 2 O, negatively stained with 1% uranyl acetate and stabilized with 1% methylcellulose. Immunolabeled samples were imaged and analyzed as described above.
Immunofluorescence and quantification of P3340 intracellular vesicles
For immunofluorescence, terminal ileum sections were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin for anti-P3340 staining. Polyclonal rabbit anti-P3340 (14) was a gift from D. Littman, NYU. In some experiments, sections were costained with fluorescently labeled antibodies against EEA1 (#sc-137130, Santa Cruz), Rab7 (#R8779, Sigma), LBPA (#MABT837, Millipore), LAMP2 (#ABL-93-s, DSHB) or Rab11 (#610656, BD Biosciences). Image acquisition was performed on Nikon Ti Eclipse or Zeiss inverted confocal microscopes. Quantifications of intracellular P3340 vesicles were based on counts in 11 independent villi for each genotype.
Treatment with chemical inhibitors in externalized intestinal loops
NSG mice contain an expanded SFB population in the intestinal lumen as previously reported (39) . In addition, NSG mice contained greatly increased number of SFB-IEC synapses. Therefore, SFB-IEC synapses were much easier to detected by ET in NSG than in B6 mice. Because of this feature, and because the morphology and frequency of MATE vesicle were unaffected in NSG mice ( Fig. 2A) experiments were performed in NSG mice. Perfusion of extraintestinal loops was done as previously described (40) . Briefly, NSG mice were colonized with SFB from Taconic B6 mice for at least one month. Mice were anesthetized using ketamine (40 mg/kg) and xylazine (5 mg/kg). A 3 cm portion of the terminal ileum just proximal from the caecum was exteriorized and the contents flushed. Statistics, unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. Scale bars, (C) 100 nm.
at 300 mA for 1 hour. Membranes were blocked with 5% milk and probed with antibodies against CDC42 (1:1000, Abcam, ab65433) to reveal active and total CDC42. Total levels of CDC42EP1 (1:1000, Abcam, ab135331), and beta actin (1:1000, Santa Cruz, sc4778) were also analyzed by means of Western blot. Anti-rabbit or antimouse secondary antibodies conjugated with HRP were used for visualization.
RNA-sequencing and analysis
For RNA-sequencing (RNA-seq), SFB-negative wild-type (WT) and IEC DCDC42 mice were colonized with SFB by oral gavage. A single litter of eight 11-week old animals was used for the experiment. KO animals were all F/F, Vil-Cre and WT controls included F/F, Non; F/+,Non and F/+,Vil-Cre genotypes. In addition, two female Jackson B6 mice of similar age were co-housed and included in the WT No SFB group. 3 weeks after SFB gavage, IECs were collected from terminal ileum of individual animals by scraping with a glass slide, immediately placed in 1 ml of cold Trizol and homogenized by passing through a syringe needle and vortexing. RNA was isolated as per the manufacturer protocol and sent for RNA-seq. RNA-seq was performed at the JP Sulzberger Columbia Genome Center. Poly-A pull-down was performed to enrich mRNAs from total RNA samples, followed by library construction using Illumina TruSeq chemistry. Libraries were then sequenced using Illumina NovaSeq 6000. RTA (Illumina) was used for base calling and bcl2fastq2 (version 2.20) for converting BCL to fastq format, coupled with adaptor trimming. Pseudoalignment was performed to a kallisto index created from transcriptomes (Mouse: GRCm38) using kallisto (0.44.0). Differential gene expression analysis was performed using DESeq2. For the differential analysis, trimming was performed using the following steps. First, genes that were not significantly changed between WT and WT + SFB groups were excluded (padj < 0.05). Next, genes with very low expression level (transcripts per million, tpm < 5 in at least 9 out of the 10 samples) were also excluded. An unusually high level of Ig gene transcripts was observed in a few samples and, therefore, Ig genes were excluded from the analysis. Finally, two of the three groups contained male animals and, therefore, Y-chromosome genes were also excluded. The remaining genes were grouped as described on the legends of fig. S9 and S10.
Quantitative PCR
Total mRNA was isolated from 0.5 cm pieces of terminal ileum using Trizol and cDNA prepared using SuperScript III First Strand Synthesis System (Invitrogen). Q-PCR was performed on LightCycler 480 (Roche) using the following primers: Error bars, standard deviation. Statistics, unpaired two-tailed t test. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. Scale bars, (A) 100 nm.
